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(54) Burst mode transmission over multiple optical wavelengths 



(57) A method and system for using burst mode 
transmission on multiple optical wavelengths is dis- 
closed. In a passive optical network, a synchronization 
signal is transmitted from a central terminal to remote 
terminals and burst data signals are transmitted from 
remote terminals to the central terminal. A first group of 
remote terminals transmits burst data signals in respec- 
tive timeslots that are synchronized to the received syn- 
chronization signal and multiplexed at a first optical 
wavelength. A second group of remote terminals trans- 



mits burst data signals in respective timeslots that are 
synchronized to the received synchronization signal 
and multiplexed at a second optical wavelength. The 
timeslots are synchronized and phase aligned with each 
other such that optical crosstalk interference between 
adjacent optical wavelengths is avoided and each wave- 
length can be spectrally spaced as close as possible to 
adjacent wavelengths. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] In a shared medium optical network, such as 
a passive optical network (PON), which comprises mul- 
tiple optical sources transmitting toward a single optical 
receiver, some method must be used to prevent data 
transmitted by one transmitter from interfering with data 
transmitted by the other transmitters. In this type of 
multipoint-to-single point network there are two meth- 
ods commonly used to solve this problem: time division 
multiple access (TDMA) and wavelength division multi- 
plexing (WDM). TDMA is used when all of the transmit- 
ters share a common optical wavelength or wavelength 
band. WDM is used when each transmitter uses a 
unique optical wavelength or wavelength band which 
does not interfere with those used by the other transmit- 
ters. 

[0002] In TDMA optical systems each optical 
source transmits by bursting its information onto the 
common physical medium. Transmissions from different 
sources are made possible by offsetting, in time, the 
burst from each source so that none of the bursts over- 
laps, in time, with any other burst from any source. Oth- 
erwise, the transmissions from two or more sources 
could collide at some common point in the network 
causing loss of data. The time allocated for a single 
burst of data from a given transmitter is called a "times- 
lot". In an optical TDMA network, all the transmitters 
typically use the same band of wavelengths with no sep- 
aration among the sources in the optical frequency 
domain. This approach is referred to as "single wave- 
length TDMA". 

[0003] In current WDM systems, the transmission 
mode used is a continuous one in which each transmit- 
ter is enabled all the time and is continuously modulated 
by on-off keying. There is no separation among sources 
in the time domain, but there is enough separation 
among sources in the optical frequency domain so that 
the wavelength of a given transmitter does not interfere 
with the wavelengths of the other transmitters at the 
optical receiver. This approach is referred to as "contin- 
uous mode WDM". 

SUMMARY OF THE INVENTION 



[0004] To increase network capacity and the 
number of transmitters that can share a multipoint-to- 
single point optical network, it would be advantageous 
to combine the sharing in the time domain provided by 
TDMA and the sharing in the optical wavelength/fre- 
quency domain provided by WDM. 
[0005] The present invention relates to a method 
and system for using burst mode transmission on multi- 
ple optical wavelengths. This combination is referred to 
herein as "burst mode WDM" or, equivalently, "multiple 
wavelength TDMA". 
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[0006] Accordingly, a method of communicating 
between a central terminal and plural remote terminals 
over a passive optical network having downstream and 
upstream portions includes transmitting burst data sig- 
5 nals from remote terminals to the central terminal over 
the upstream network portion. A first group of remote 
terminals transmits burst data signals in respective first 
timeslots that are multiplexed at a first optical wave- 
length. A second group of remote terminals transmits 
10 burst data signals in respective second timeslots that 
are multiplexed at a second optical wavelength. 
[0007] According to an embodiment, each 
upstream wavelength carrying burst mode transmis- 
sions can be spectrally spaced as close as possible to 
15 adjacent wavelengths. Accordingly, a method of com- 
municating between a central terminal and plural 
remote terminals includes transmitting a synchroniza- 
tion signal from the central terminal to the remote termi- 
nals over the downstream network portion and 
20 transmitting burst data signals from remote terminals to 
the central terminal over the upstream network portion. 
A first group of remote terminals transmits burst data 
signals in respective first timeslots that are synchro- 
nized to the received synchronization signal and multi- 
25 plexed at a first optical wavelength. A second group of 
remote terminals transmits burst data signals in respec- 
tive second timeslots that are synchronized to the 
received synchronization signal and multiplexed at a 
second optical wavelength. The first and second times- 
30 lots each include an active period during which burst 
data signals are transmitted and a guard period during 
which burst data signals are not transmitted. The first 
and second timeslots are synchronized such that 
respective active and guard periods are phase aligned 
35 with each other. 

[0008] According to another aspect, a method of 
communicating between a central terminal and plural 
remote terminals over an optical network includes trans- 
mitting a TDM data signal having a synchronization sig- 
40 nal from the central terminal to the remote terminals. 
Burst data signals are transmitted over the optical net- 
work from N groups of the remote terminals to the cen- 
tral terminal in respective TDMA timeslots that are 
synchronized to the received synchronization signal 
45 with each of the N groups operating at a different optical 
wavelength. 

[0009] Another aspect of the present synchroniza- 
tion approach includes transmitting a common synchro- 
nization signal in each of a plurality of downstream TDM 
so signals at respectively different optical wavelengths. 
Each remote terminal receives at least one of the plural 
downstream TDM signals containing the common syn- 
chronization signal. 

[001 0] A communication system in accordance with 
55 the present invention includes a passive optical network 
having downstream and upstream portions, a central 
terminal, and plural remote terminals coupled to the 
passive optical network for communicating with the cen- 
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tral terminal. The central terminal transmits a synchroni- 
zation signal to the remote terminals over the 
downstream network portion. A first group of the remote 
terminals transmits burst data signals to the central ter- 
minal in respective first timeslots that are synchronized 5 
to the received synchronization signal and multiplexed 
over the upstream network portion at a first optical 
wavelength. A second group of the remote terminals 
transmits burst data signals to the central terminal in 
respective second timeslots that are synchronized to w 
the received synchronization signal and multiplexed 
over the upstream network portion at a second optical 
wavelength. 

[0011] An advantage of the synchronization 
approach is that by avoiding interference between sig- is 
nals transmitted at closely spaced adjacent wave- 
lengths, directly modulated laser transmitters can be 
used rather than more costly externally modulated laser 
transmitters. 

20 

BRIEF DESCRIPTION OF THE DRAWINGS 



closely spaced optical wavelengths. 
FIGs. 8A, 8B and 8C illustrate the optical frequency 
spectra of unsynchronized TDMA signals at 
respective time points t a , and tc for optical wave- 
lengths that are spaced apart to avoid crosstalk 
interference. 

FIG. 9 illustrates synchronized and phase aligned 
TDMA signals at three different optical wavelengths 
for the system shown in FIG. 5. 
FIGs. 10A, 10B and 10C illustrate the optical fre- 
quency spectra of the synchronized and phase 
aligned TDMA signals of FIG. 9 at respective time 
points t a ', t b \ and t c '. 

FIG. 1 1 A is a block diagram of the central terminal 
of the system of FIG. 5. 

FIG. 1 1 B is a block diagram of a remote terminal of 
the system of FIG. 5. 

FIG. 12 is a block diagram of the central terminal of 
the system of FIG. 5 in generalized form. 

DETAILED DESCRIPTION OF THE INVENTION 



[0012] The foregoing and other objects, features 
and advantages of the invention will be apparent from 
the following more particular description of preferred 25 
embodiments of the invention, as illustrated in the 
accompanying drawings in which like reference charac- 
ters refer to the same parts throughout the different 
views. The drawings are not necessarily to scale, 
emphasis instead being placed upon illustrating the 30 
principles of the invention. 

FIG. 1 is a block diagram of a conventional optical 
access system which uses TDMA upstream at a 
single optical wavelength. 35 
FIG. 2A illustrates a burst transmission time with 
period -T/2 to T/2. 

FIG. 2B illustrates a baseband data signal which is 
used to modulate an optical carrier. 
FIG. 2C illustrates a burst transmission comprising 40 
the multiplication of the burst transmission time 
shown in FIG. 2A and the baseband data signal 
shown in FIG. 2B. 

FIG. 3 illustrates a TDMA signal comprising burst 
transmissions in successive timeslots generated by 45 
respective remote terminals in the system of FIG. 1 . 
FIG. 4 is a block diagram of a conventional optical 
access system which uses continuous mode WDM 
transmission upstream. 

FIG. 5 is a block diagram of an embodiment of an so 
optical access system which uses burst mode 
transmission at multiple optical wavelengths. 
FIG, 6 illustrates unsynchronized and non-aligned 
TDMA signals at three different optical wave- 
lengths. 55 
FIGs. 7A, 78 and 70 illustrate the optical frequency 
spectra of the unsynchronized TDMA signals of 
FIG. 6 at respective time points t a , t b , and ^ for 



[0013] FIG. 1 shows a block diagram of a conven- 
tional optical access system which includes a central 
terminal 10, remote terminals 12 designated RT^ RT 2 
and RT 3 and a passive optical network (PON) 14. The 
system provides a downstream data signal over the 
PON 14 from the central terminal 10 to the remote ter- 
minals 12 using time division multiplexing (TDM). An 
upstream data signal from the remote terminaJs 12 to 
the central terminal 10 over the PON 14 is provided in 
burst transmissions using time division multiple access 
(TDMA) at a common optical wavelength or wavelength 
band X y . 

[0014] Note that the terms downstream and 
upstream are used herein to refer to the direction of 
transmission signal flow. The downstream direction 
refers to signals from the central terminal 10 toward the 
remote terminals 12. The upstream direction refers to 
signals from the remote terminals 12 toward the central 
terminal 10. Throughout the specification, the terms 
"optical wavelength" and "optical wavelength band" are 
used interchangeably. 

[0015] Each remote terminal 12 includes an optical 
transmitter (not shown) which is enabled only part of the 
time (the burst transmission time or active time), during 
which it is directly modulated by on-off keying, the most 
common method of encoding binary data onto an opti- 
cal transmission path. The burst transmission time is 
shown in FIG. 2A with period -T/2 to T/2. A baseband 
data signal which is used to modulate the optical carrier 
of the transmitter is shown in FIG. 2B. A single TDMA 
burst comprising the multiplication of two signals, 
namely, burst transmission time (FIG. 2A) and base- 
band data signal (FIG. 2B), is shown in FIG. 2C. FIG. 3 
shows the complete signal on the PON 14 generated 
when the remote terminals RT V RT 2 and RT 3 (FIG. 1) 
transmit data in multiple timeslots (n-1, n, n+1) using 
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TDMA at a single optical wavelength. 
[0016] Using conventional ranging techniques the 
proper ranging delay is calculated for each remote ter- 
minal to account for the corresponding propagation 
delay and the burst transmissions are timed to occur in 
accordance with assigned timeslots, e.g., remote termi- 
nal RT 3 transmits in timeslot n-1 , RT, transmits in times- 
lot n, and RT 2 transmits in timeslot n+t. Note that the 
bursts generated by each terminal are not phase 
aligned with bursts from other terminals, i.e., the start of 
the first rising edge R of each burst does not occur at 
regular intervals. At the end of each timeslot there is a 
guard time T g before the next TDMA burst during which 
no useful data is transmitted so as to avoid overlapping 
of bursts in adjacent timeslots. 

[001 7] FIG. 4 shows a block diagram of a conven- 
tional optical access system which uses continuous 
mode WDM for upstream transmission. The system 
includes a central terminal 10, remote terminals 12-1 
1 2-2, 12-3 and a PON 14. The system provides a down- 
stream data signal over the PON 1 4 from the central ter- 
minal 10 to the remote terminals 12-1, 12-2, 12-3 using 
TDM. Upstream data signals from the remote terminals 
12-1, 12-2, 12-3 to the central terminal 10 over the PON 
1 4 are provided using continuous mode WDM i e con- 
tinuous mode transmissions at separate optical wave- 
lengths A.,, Xz, and X^. 

[0018] The following sections describe several 
problems that are encountered in both the time domain 
and the frequency domain with burst mode (TDMA) 
transmission. 

[0019] m optical TDMA transmission, a burst of 
transmitted data is generated by first enabling one and 
only one. optical transmitter and then some time 'later 
modulating the transmitted optical power with the data 
to be transmitted during the burst. To complete the 
burst, the transmitter is disabled some time after com- 
pleting the transmission of the data in that burst. 
[0020] if the optical transmitter is a laser diode the 
transmitter is enabled by increasing the forward bias 
current through the laser diode from a value below 
threshold until it is slightly above the threshold current at 
which the diode begins to lase. This enabling process 
cannot be done instantaneously; however, once the 
laser reaches steady state at its enabled bias current it 
can be modulated in the same way that it is modulated 
when used in a continuous mode, e.g., using on-off key- 

[0021] In a manner that is the reverse of the ena- 
bling process, the laser diode optical transmitter is disa- 
bled by decreasing its bias current from just above 
threshold to a value somewhere below threshold For 
TDMA optical transmission, the laser bias —em a* 
which the transmitter is disabled must be smaTenough 
so that the optical energy at the receiver contributed by 
all of the disabled optical transmitters does not interfere 
with detection and decoding of the data transmitted by 
the one enabled laser on the network. 



[0022] With the single wavelength TDMA method a 
significant limitation with respect to how close in time 
sequential bursts can be is the time it takes the lasers to 
reach steady state when being enabled or disabled 

5 This is a purely time domain problem because the opti- 
cal receivers used in current TDMA systems have a 
broad enough and flat enough response in the optical 
frequency domain that any shifting or spreading of the 
transmitted optical spectrum when the lasers are ena- 

w bled and disabled is negligible compared to the optical 
passband of the receiver. 

[0023] The optical frequency spectrum or, equiva- 
lently, the optical wavelength linewidth of a signal trans- 
mitted by a laser diode using TDMA techniques is wider 
is than the optical spectrum of an unmodulated continu- 
ous wave (CW) optical carrier signal. This optical linew- 
idth broadening of a modulated laser diode can be due 
to one of two different effects: 



20 



25 



30 



(a) If the CW spectrum of the laser is much nar- 
rower than the bandwidth of the baseband modulat- 
ing signal, then, based on Fourier transform theory 
the bandwidth of the modulated optical signal is 
equal to the bandwidth of the baseband signal. 

(b) If the CW spectrum of the laser is much wider 
than the bandwidth of the baseband modulating 
signal, then the bandwidth of the modulated optical 
signal is determined by a physical phenomena 
called "linewidth enhancement" or frequency 
chirp". ' 



[0024] Effect (a) is familiar to practitioners in the 
field of radio frequency (RF) communications because 
m those applications the bandwidth of the RF source is 
35 a small percentage of the bandwidth of the modulating 
signal. This is not true for the directly modulated laser 
diodes used as optical sources in today's TDMA optical 
networks. 

[0025] One of the theories behind effect (b) is 
*o known as the "adiabatic chirp" theory. According to this 
theory, modulation of the forward current in a semicon- 
ductor laser diode causes a modulation of the carrier 
(hole and electron) density in the active region of the 
dev.ce. Carrier density modulation, in turn, causes a 
45 modulation of the optical susceptibility and the refractive 
index of the lasing medium. Since the optical frequency 
of resonance in the laser diode cavity depends on the 
index of refraction of the cavity, a modulation of the 
refractive mdex leads to optical frequency modulation of 
so the laser output. This is the phenomenon that deter- 
mines the steady-state bandwidth/linewidth of the opti- 
cal signal in a TDMA network during a burst. 
[0026] The situation is more complicated at the 
beginning of a burst where both thermal chirp and adia- 
55 batic chirp can be encountered. When the laser bias 
current is enabled at the beginning of a burst, an almost 
instantaneous adiabatic increase in the laser frequency 
occurs. However, since the disabled laser current is 
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below the lasing threshold, this turn-on adiabatic fre- 
quency shift merely represents the initial lasing fre- 
quency at the laser diode injection current 
corresponding to a logic "0". This level of injection cur- 
rent does, however, begin heating the diode with a time 5 
constant determined by the physical size and structure 
of the laser. Thermal time constants ranging from 1 0 ns 
to 400 ns have been observed in typical laser diodes 
used in communication applications. Thus, after the 
laser is enabled for a TDMA burst, but before it is mod- 10 
ulated by the data, the optical output frequency of the 
laser exponentially decreases from its initial value with a 
time constant equal to the thermal chirp time constant of 
the laser diode. 

[0027] Once the laser is directly modulated, both 15 
the adiabatic chirp level and the thermal equilibrium of 
the laser change again. The adiabatic chirp during mod- 
ulation appears as a broadening of the laser linewidth 
due to intensity modulation-to-frequency modulation 
(IM-to-FM) conversion. The laser diode begins heating 20 
again once the modulation starts because the average 
injected current during modulation is larger than the 
bias current at the logic "0" level. In fact, if the modulat- 
ing data signal has an equal number of Ts and "0"s 
during the burst (which is usually the case), then the 25 
average injected current is just the (enabled) bias cur- 
rent plus one-half of the peak-to-peak modulation cur- 
rent. In any event, it takes about 3 thermal time 
constants before the center wavelength of the laser opti- 
cal spectrum reaches 95% of its steady-state value (as 30 
measured from its initial value) during the TDMA burst. 
[0028] At the end of a burst, optical frequency shifts 
occur opposite to those that occurred at the beginning 
of the burst. When the modulation stops at the logic °0" 
bias current, the lasing frequency decreases almost 35 
instantaneously due to adiabatic chirping, but will begin 
increasing because of the slower thermal chirp as the 
laser cools. Finally, when the laser is disabled and the 
bias current is taken well below threshold, no light is 
emitted by the laser, but it will continue to cool until it is *o 
enabled again. The disable time relative to the thermal 
time constant determines the initial thermal conditions 
of the laser diode when it is next enabled. 
[0029] The optical bandwidth of the typical detector 
used in a TDMA optical receiver is extremely wide com- 45 
pared to the linewidth of the TDMA transmitter. A typical 
detector bandwidth covers wavelengths from 1 000 nm 
to 1600 nm, equivalent to a frequency bandwidth of 
more than 100 THz. Worst case measured linewidths 
for directly modulated InGaAsP/lnP multiple quantum so 
well Fabry-Perot (MQW-FP) semiconductor lasers are 
less than 10 nm (equivalent frequency bandwidth of 
about 2 THz), and the steady-state shift in center wave- 
length from -40 °C to +85 °C case temperature may be 
less than 100 nm (equivalent frequency bandwidth of 55 
about 20 THz). Thus, for single wavelength TDMA, the 
optical frequency chirping due to either adiabatic (IM-to- 
FM) or thermal effects may be ignored. However, if 



TDMA signals are transported simultaneously over mul- 
tiple optical wavelengths on shared optical fiber, the 
effect of these frequency shifts must be considered 
more carefully to prevent crosstalk from one TDMA 
timeslot on one wavelength channel into a correspond- 
ing TDMA timeslot on another wavelength channel. The 
present invention provides approaches that avoid such 
crosstalk. 

[0030] The principles of the present invention are 
now described with reference to embodiments in a pas- 
sive optical network. However, it should be understood 
that the principles of the present invention are applica- 
ble to other shared medium networks that use burst 
mode transmission. 

[0031] Referring to FIG. 5, a block diagram of an 
embodiment of an optical access system 1 00 is shown. 
The system 1 00 includes a central terminal 1 1 0, remote 
terminals 112-1, 1 12-2,... 1 12-9 designated RT 1( 
RT 2 ,...RT 9 and a passive optical network (PON) 114. 
The system provides a downstream TDM data signal 
122 at optical wavelength Xq from the central terminal 
1 10 to the remote terminals 112. The system 100 differs 
from the system shown in FIG. 1 in that multiple optical 
wavelengths are used upstream. The system 100 also 
differs from the system shown in FIG. 4 in that burst 
mode transmissions are used upstream. 
[0032] In particular, three upstream TDMA data sig- 
nals 116, 118 and 120 at corresponding optical wave- 
lengths X. 1f Xg, and are shown being received at the 
central terminal from the remote terminals on the same 
fiber. The first upstream data signal 1 16 at wavelength 
^ consists of burst transmissions 116-1, 116-2 and 
116-3 from corresponding remote terminals RT t 112-1, 
RT 7 112-7 and RT 4 112-4. The second upstream data 
signal 1 18 at wavelength consists of burst transmis- 
sions 118-1, 118-2 and 118-3 from corresponding 
remote terminals RT 2 1 1 2-2, RT 5 1 1 2-5 and RT 8 1 12-«. 
The third upstream data signal 120 at wavelength A3 
consists of burst transmissions 120-1, 120-2 and 120-3 
from corresponding remote terminals RT 9 112-9, RT 6 
112-6 and RT 3 112-3. 

[0033] It should be apparent that the number of 
remote terminals, the number of optical wavelengths, 
the assignment of timeslots and the grouping of remote 
terminals can vary in other embodiments and that the 
particular selections shown in the embodiment of FIG. 5 
are merely for convenience in describing the principles 
of the invention and are not meant to limit the scope of 
the invention. It should also be noted that the principles 
of the present invention are applicable to any PON 
topology (e.g., tree-branch, double-star). 
[0034] FIG. 6 shows the upstream signals at corre- 
sponding wavelengths X 1t A^, and Ag in an embodiment 
of the system of FIG. 5 in which the TDMA bursts on 
one wavelength have no fixed time relationship, i.e., are 
unsynchronized, with respect to the TDMA bursts on 
another wavelength. The TDMA signal at wavelength L, 
includes burst transmissions from remote terminals 
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RT,, RT 7 , and RT 4 in corresponding timeslots 150 152 
and 154. The TDMA signal at wavelength X, includes 
burst transmissions from remote terminals RT fl RT, 
and RT 5 in corresponding timeslots 156, 158 and 160 
Timeslot 1 62 corresponds to the next burst transmission , 
from RT 8 . The TDMA signal at wavelength X, includes 
burst transmissions from remote terminals RT 3 , RT 9 
and RT 6 in corresponding timeslots 164, 166 and 168' 
Timeslot 1 70 corresponds to the next burst transmission 
from RT3. 

[0035] The lack of synchronization and phase align- " 
ment can be understood by noting, for example, that the 
burst transmission in timeslot 150 from RT, at wave- 
length X, overlaps in time the burst transmissions in 
timeslots 156 and 158 at wavelength ^ and the buret 15 
transmissions in timeslots 164 and 166 at wavelength 
A. 3 . Consider now the case in which the wavelengths X, 
*2, and X z are spaced as close as is possible for steady- 
state continuous mode WDM operation. 
[0036] At time t a it can be assumed that a steady 20 
state optical spectrum has been reached for all three 
TDMA signals. The corresponding optical spectrum for 
each TDMA signal at time t a , shown in FIG. 7A indi- 
cates that there is no optical crosstalk interference 
However, at time t b , when the laser transmitter at optical 25 
wavelength X, for RT 5 is enabled to begin the buret 
transm,ss.on in timeslot 160, interference with the adja- 
cent wavelength channels X, and Xg due to spectral 
broadening or center wavelength shifting or both forthe 
TDMA signal at wavelength ^ occure as shown in FIG 30 
7B Likewise, at time when the laser transmitter at 
optical wavelength Xg for RT 3 is enabled to begin the 
burst transmission in timeslot 170, interference between 
the adjacent wavelength channel ^ and wavelength JU 
due to spectral broadening or center wavelength shifting 35 
or both forthe TDMA signal at wavelength X, occure as 
shown in FIG. 7C. Data can be recovered easily at time 
t a , but at times t b or ^ frequency components from 
adiacent optical wavelength channels interfere with the 
data recovery of another channel. This can cause loss 40 
of data in a closely spaced wavelength channel 
arrangement. 

[0037] One option to reduce the impact of the type 
of interference described above is to increase the com- 
plexity of the optical transmitter to eliminate the 45 
unwanted frequency components at their source How- 
ever, such complexity is costly. 

[0038] An approach of the present invention is to 
space the optical wavelengths far enough apart to put 
them outside the effect of the spurious frequency com- so 
ponents. This approach can be understood with refer- 
ence to the optical spectra shown in FIGs. 8A, 8B and 
8C for respective time Doints t a , t^, and ' c o* "G 6 By- 
spacing the optical wavelengths apart sufficiently, the 
interference effects noted above with close optical spac- 55 
mg can be avoided. 

[0039] Thus, the corresponding optical spectrum for 
each TDMA signal at time t a , shown in FIG. 8A, again 



indicates that there is no optical crosstalk interference 
At time tb, when the laser transmitter at optical wave- 
length X2 for RT 5 is enabled to begin the burst transmis- 
sion in timeslot 160, interference with the adjacent 
wavelength channels X, and X3 due to spectral broad- 
ening or center wavelength shifting or both for the 
TDMA signal at wavelength ^ is avoided as shown in 
FIG. 8B. Likewise, at time t when the laser transmitter 
at optical wavelength X, for RT 3 is enabled to begin the 
buret transmission in timeslot 1 70. interference between 
the adjacent wavelength channel ^ and wavelength X, 
due to spectral broadening or center wavelength shiftinq 
or both forthe TDMA signal at wavelength JU is avoided 
as shown in FIG. 8C. Data can be recovered easily at 
time t a , f^ and ^ since frequency components from 
adjacent optical wavelength channels do not interfere 
with the data recovery of another channel. 
[0040] Another approach of the present invention 
allows wavelengths to be closely spaced (on the order 
of 200 GHz with today's technology) without the need to 
increase optical transmitter complexity. This approach is 
implemented by synchronizing and phase aligninq 
every optical TDMA transmitter in the system to a com- 
mon signal. An advantage of this approach is that by 
avoiding interference between signals transmitted at 
closely spaced adjacent wavelengths, less costlv 
directly modulated laser transmitters can be used rather 
than externally modulated laser transmitters. 

SUV F ' G ' 9 illustrates synchronized upstream 
TDMA signals at corresponding wavelengths A., JU and 
X3 for the system shown in FIG. 5 using the approach of 
the present invention wherein the TDMA burets on one 
wavelength have a fixed time relationship, i.e.. are syn- 
chronized and phase aligned, with respect to the TDMA 
bursts on another wavelength. In particular, the TDMA 
signal at wavelength X, includes burst transmissions 
from remote terminals RT„ RT 7 , and RT 4 in corre- 
sponding timeslots 150', 152' and 154'. The TDMA sig- 
nal at wavelength Xj includes burst transmissions from 
remote terminals RT 8 . RT 2 . and RT 5 in corresponding 
timeslots 1 58'. 1 60' and 1 62'. The TDMA signal at wave- 
length X, includes burst transmissions from remote ter- 
minals RT 3 , RTg, and RT 6 in corresponding timeslots 
166', 168' and 170". 

[0042] The synchronization and phase alignment 
can be understood by noting, for example, that the buret 
transm.ssion in timeslot 150' from RT, at wavelength X, 
>s aligned in time with the burst transmission in timeslot 
158' at wavelength X? and the buret transmission in 
timeslot 166' at wavelength Xg. Likewise, timeslots 152 
160' and 168' and timeslots 154', 162' and 170' are 
respectively phase aligned. Note also that the corre- 
sponding guard times T g , during which no useful data is 
transmitted, are likewise aligned. Since all of the bursts 
are aligned in time, the frequency components caused 
by lasertum on/turn off all occurat the same time Dur- 
ing the period between laser turn on/turn off, the fre- 
quency spectrum of each laser is the same as it is in 
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steady-state (continuous mode) operation, and the sig- 
nals on different wavelengths do not interfere with each 
other when the wavelengths are spaced as closely as is 
typical for continuous mode WDM transmission. 
[0043] FIGs. 10A, 10B and 10C illustrate the fre- 5 
quency spectra of the synchronized TDMA signals of 
FIG. 9 at respective time points t a \ t b \ and t^. At time t a ' 
the laser transmitter at optical wavelength X } for RT^ is 
enabled to begin the burst transmission in timeslot 150'. 
This coincides with enablement of the respective laser 10 
transmitters at optical wavelength for RT 2 in timeslot 
158' and at optical wavelength X3 for RT 9 in timeslot 
166'. This time t a ' occurs during the guard time T g . Sim- 
ilarly, at time t c ' the laser transmitter at optical wave- 
length X^ for RT 4 is enabled to begin the burst 15 
transmission in timeslot 154'. This coincides with ena- 
blement of the respective laser transmitters at optical 
wavelength X? for RT 8 in timeslot 162' and at optical 
wavelength X 3 for RT 3 in timeslot 1 70'. At these times t a 
and t^, interference occurs between adjacent wave- 20 
length channels X 1 and and between adjacent wave- 
length channels and X^ due to spectral broadening or 
center wavelength shifting or both for each TDMA signal 
as shown in FIGs. 10A and 10C, respectively. However, 
since this interference occurs during the guard time, 25 
there is no data loss. At time t b ' it can be assumed that 
steady state optical spectrum has been reached for all 
three TDMA signals. The corresponding optical spec- 
trum for each TDMA signal at time t b ', shown in FIG. 
10B, indicates that there is no optical crosstalk interfer- 30 
ence. Thus, data can be recovered easily at the appro- 
priate times without loss of data due to crosstalk 
interference. 

[0044] Referring now to FIG. 11 A, a block diagram 
of the central terminal 110 of system 100 (FIG. 5) is 35 
shown. The central terminal 110 comprises a down- 
stream portion that includes a timing block 202, a 
source data block 204, and a TDM transmitter 206. An 
upstream portion includes an optical demultiplexer 
device 208, receivers 210-1, 210-2, 210-3 and a data *o 
recovery circuit 21 2. Other functions that the central ter- 
minal 1 10 may include which do not relate to the princi- 
ples of the present invention, such as switching and 
network interfaces, are not shown. 

[0045] In general, embodiments of the central ter- 45 
minal 110 derive system transmission timing either from 
a network source, such as a SONET transmission sig- 
nal delivered to a network interface (not shown), or from 
a local stratum clock. The derived transmission timing is 
shown as timing block 202. 50 
[0046] To generate a downstream TDM data signal 
122, source data from block 204 is provided to a TDM 
transmitter 206 together with a synchronization signal 
203 from timing block 202. In a system in which the 
downstream TDM signal is formatted as 125 \ls frames, 55 
for example, the synchronization signal 203 comprises 
an 8kHz frame sync signal. The TDM transmitter 206 
transmits downstream TDM data signal 122 at optical 



wavelength Xq to each of the remote terminals 112 
(FIG. 5). 

[0047] In the upstream direction, three upstream 
TDMA data signals 116, 118 and 1 20 at corresponding 
optical wavelengths X^ A^, and X 3 are received at the 
central terminal from the remote terminals (FIG. 5) on a 
shared medium optical network. As described herein 
above, these upstream TDMA data signals are synchro- 
nized and phase aligned with respect to each other 
based on the common synchronization signal 203 sent 
downstream to the remote terminals. The optical demul- 
tiplexer device 208 demultiplexes the three TDMA data 
signals to separate optical signals 116', 118' and 120', 
respectively, which are received in corresponding opti- 
cal receivers 210-1, 210-2, 210-3. A conventional burst 
mode data recovery circuit 21 2 recovers data from the 
received signals without loss of data due to optical 
crosstalk interference. 

[0048] FIG. 11 B is a block diagram of remote termi- 
nal 112-1 of the system of FIG. 5. The remote terminal 
includes an optical receiver 240, data recovery circuit 
242, retiming block 244, source data block 246, delay 
block 248 and TDMA transmitter 250. In the down- 
stream direction, downstream TDM data signal 122 at 
optical wavelength >^ is received in optical receiver 240 
and data is recovered in conventional data recovery cir- 
cuit 242. Retiming block 244 derives synchronization 
signal 203' from the received signal 241. In the 
upstream direction, source data from block 246 is pro- 
vided to TDMA transmitter 250 delayed by an appropri- 
ate ranging delay in block 248. TDMA transmitter 250 
receives the derived synchronization signal 203' and 
transmits a burst transmission 116-1 at optical wave- 
length X 1 in an assigned timeslot. Each of the remote 
terminals is similarly configured, except that each has 
its own ranging delay. Thus, with each remote terminal 
deriving synchronization from the common synchroni- 
zation signal 203 sent from central terminal 110, the 
synchronization of TDMA signals at closely spaced opti- 
cal wavelengths can be provided as described herein. 
[0049] Referring now to FIG. 1 2, a block diagram is 
shown of a central terminal 110' in generalized form for 
use in the system 100 (FIG. 5). The central terminal 
110' comprises a downstream portion that includes a 
timing block 202, a source data block 204, multiple TDM 
transmitters 206-1, 206-2, .... 206-M and an optical mul- 
tiplexer device 207. An upstream portion includes a 
demultiplexer device 208', receivers 210-1, 210-2, 
210-N and a data recovery circuit 212. 
[0050] In the downstream direction, source data 
from block 204 is provided to the TDM transmitters 206- 
1 , 206-2 206-M together with a synchronization sig- 
nal 203 from timing block 202. The TDM transmitters 
206-1, 206-2, 206-M transmit downstream data sig- 
nals (including the synchronization signal 203) at 
respective optical wavelengths A^, Xq 2 » -■•» *om which 
are combined by multiplexer device 207 to provide 
downstream signal 122' to each of the remote terminals 
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112 (FIG. 5). Therefore, the remote terminals receive 
the downstream signal 122' which comprises multiple 

opncal wavelengths ^ ^ each including 

the common synchronization signal 203. The remote 
terminals can thus recover the synchronization signal 5 
rom any of the received downstream optical wave- 
lengths A. D „ l h Xqt, A OM . Modifications to the 

embodiment of FIG. 1 1 B to receive and recover the syn- 
chronization signal from any of the downstream optical 
wavelengths will be apparent to those skilled in the art. w 
[0051] m the upstream direction, multiple upstream 
TDMA data signals at respective optical wavelengths 
N are received at the central terminal from N 
corresponding groups of remote terminals. In the gener- 
ated form, the upstream TDMA data signals are syn- ,5 
chromzed with respect to each other based on the 
common synchronization signal 203 recovered from 4 
downstream signal 1 22'. The demultiplexer device 208' 
demultiplexes the multiple TDMA data signals to sepa- 
rate optica, signals X„ X, X», respectively, which are 20 

received in corresponding optical receivers 210-1. 210- 
2, 210-IM. The conventional burst mode data recov- 
ery circuit 212 recovers data from the received signals 
without loss of data due to optical crosstalk interference 
as noted above. 

[0052] While this invention has been particularly * 
shown and described with references to preferred 
embodiments thereof, it will be understood by those 
skilled ,n the art that various changes in form and details 
may be made therein without departing from the scope 30 
of the invention encompassed by the appended claims. 

Claims 



synchronized to the received synchronization sig- 
nal and wherein transmitting burst data signals from 
the second group of the plural remote terminals 
includes transmitting in respective second timeslots 
synchronized to the received synchronization sig- 
nal. s 

• The method of Claim 2 wherein the first and second 
timeslots each include an active period during 
wh.ch burst data signals are transmitted and a 
guard period during which burst data signals are 
not transmitted and wherein respective first and 
second timeslots are synchronized such that 
respective active and guard periods are phase 
aligned with each other. 

The method of Claim 2 further comprising transmit- 
ting burst data signals from a third grou p of the plu- 
ral remote terminals to the central terminal in 
respective third timeslots synchronized to the 
received synchronization signal and multiplexed 
over the upstream network portion at a third optical 
wavelength. 

The method of Claim 2 wherein transmitting the 
synchronization signal from the central terminal 
includes transmitting a common synchronization 
signal in each of a plurality of downstream TDM sig- 
nals at respectively different optical wavelengths 
and wherein receiving includes receiving at least 
one of the plural downstream TDM signals contain- 
ing the common synchronization signal. 



1. A method of communicating between a central ter- 
minal and plural remote terminals over a passive 
opncal network having a downstream portion and 
an upstream portion, the method comprising: 

transmitting burst data signals from a first 
group of the plural remote terminals to the cen- 
tral terminal in respective first timeslots multi- 
plexed over the upstream network portion at a 
first optical wavelength; and 
transmitting burst data signals from a second 
group of the plural remote terminals to the cen- 
tral terminal in respective second timeslots 
mult.plexed over the upstream network portion 
at a second optical wavelength. 

2. The method of Claim 1 further comprising transmit- 
ting a synchronization signal from the central termi- 
nal to the plural remote terminals ov»- «« e 
downstream network portion and receiving the sC'n- 
chromzation signal at the plural remote terminals 
and wherein transmitting burst data signals from 
the first group of the plural remote terminals 
includes transmitting in respective first timeslots 



35 



40 



6. A method of communicating between a central ter- 
minal and plural remote terminals over an optical 
network, the method comprising transmitting burst 
data signals over the optical network from N groups 
of the plural remote terminals to the central terminal 
m respective TDMA timeslots, each of the N groups 
operating at a different optical wavelength. 

7. The method of Claim 6 further comprising transmit- 
ting a TDM data signal having a synchronization 
signal from the central terminal to the plural remote 
« terminals overthe optical network and receiving the 
synchronization signal at the plural remote termi- 
nals, and wherein transmitting burst data signals 
from the N groups of the plural remote terminals 
includes transmitting in respective TDMA timeslots 
so synchronized to the received synchronization sig- 
nal. a 

8. The method of Claim 7 wherein the TDMA timeslots 
each include an active period during which burst 
55 data signals are transmitted and a guard period 
during which burst data signals are not transmitted 
and wherein respective TDMA timeslots transmit- 
ted at the N different optical wavelengths are syn- 
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chronized such that respective active and guard 
periods are phase aligned with each other. 

9. A communication system comprising: 

5 

a passive optical network having a downstream 
portion and an upstream portion; 
a central terminal; and 

a plurality of remote terminals coupled to the 
passive optical network for communicating with w 
the central terminal, each remote terminal hav- 
ing a transmitter for transmitting burst data sig- 
nals and a receiver; 

a first group of the plural remote terminals 
transmitting burst data signals to the central 15 
terminal in respective first timeslots multiplexed 
over the upstream network portion at a first 
optical wavelength; and 
a second group of the plural remote terminals 
transmitting burst data signals to the central 20 
terminal in respective second timeslots multi- 
plexed over the upstream network portion at a 
second optical wavelength. 

10. The system of Claim 9 wherein the central terminal 25 
includes a transmitter for transmitting a synchroni- 
zation signal to the plural remote terminals over the 
downstream network portion, the plural remote ter- 
minals each receive the synchronization signal at 

the respective receiver, and wherein the first group 30 
transmits burst data signals in respective first times- 
lots synchronized to the received synchronization 
signal and the second group transmits burst data 
signals in respective second timeslots synchro- 
nized to the received synchronization signal. 35 

11. The system of Claim 10 wherein the first and sec- 
ond timeslots each include an active period during 
which burst data signals are transmitted and a 
guard period during which burst data signals are 40 
not transmitted and wherein respective first and 
second timeslots are synchronized such that 
respective active and guard periods are phase 
aligned with each other. 

45 

12. The system of Claim 1 0 wherein a third group of the 
plural remote terminals transmits burst data signals 
to the central terminal in respective third timeslots 
synchronized to the received synchronization sig- 
nal and multiplexed over the upstream network por- so 
tion at a third optical wavelength. 

13. The system of Claim 10 wherein the central termi- 
nal transmitter includes plural TDM transmitters for 
transmitting a common synchronization signal in 55 
each of a plurality of downstream TDM signals at 
respectively different optical wavelengths and 
wherein each remote terminal receiver is operable 



to receive at least one of the plural downstream 
TDM signals containing the common synchroniza- 
tion signal. 

14. A communication system comprising: 

a passive optical network having a downstream 
portion and an upstream portion; 
a central terminal; and 

a plurality of remote terminals coupled to the 
passive optical network for communicating with 
the central terminal, each remote terminal hav- 
ing a transmitter for transmitting burst data sig- 
nals and a receiver; 

N groups of the plural remote terminals trans- 
mitting burst data signals to the central terminal 
in respective TDM A timeslots multiplexed over 
the upstream network portion at N different 
optical wavelengths. 

15. The system of Claim 14 wherein the central termi- 
nal includes a transmitter for transmitting a synchro- 
nization signal to the plural remote terminals over 
the downstream network portion, the plural remote 
terminals each receive the synchronization signal 
at the respective receiver, and wherein the N 
groups transmits burst data signals in respective 
timeslots synchronized to the received synchroni- 
zation signal. 

16. The system of Claim 15 wherein the TDM A times- 
lots each include an active period during which 
burst data signals are transmitted and a guard 
period during which burst data signals are not 
transmitted and wherein respective TDMA times- 
lots transmitted at the N different optical wave- 
lengths are synchronized such that respective 
active and guard periods are phase aligned with 
each other. 

17. The system of Claim 15 wherein the central termi- 
nal transmitter includes plural TDM transmitters for 
transmitting a common synchronization signal in 
each of a plurality of downstream TDM signals at 
respectively different downstream optical wave- 
lengths and wherein each remote terminal receiver 
is operable to receive at least one of the plural 
downstream TDM signals containing the common 
synchronization signal. 
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cent optical wavelengths is avoided and each wave- 
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